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Abstract

MgO-C refractories containing graphite oxide nanosheets (GONs) and Al, Si additives were prepared in this work. Firstly the MgO—
GONSs composite powders were fabricated by common ball milling of expanded graphite and magnesia powders, and then incorporated
into MgO—C refractories. The phase composition, microstructure, mechanical and thermo-mechanical properties of MgO—C refractories
treated at the different temperatures were investigated by means of X-ray diffraction (XRD), scanning electron microscopy (SEM)
coupled with energy dispersive X-ray spectroscopy (EDS), three-point bending method and thermal shock test. The results showed that
the GON s of different sizes and thicknesses were well distributed in magnesia powders. Addition of GONs had a positive influence on
the mechanical properties of MgO-C refractories. After firing at 1400 °C, much higher cold modulus of rupture (CMOR) and increased
displacement were achieved for MgO-C specimens with GONs added compared to that of the specimen contained only flaky graphite.
Moreover, the thermal shock resistance of all the specimens containing GONs was better than that for the specimen containing no
GON:ss. It was suggested that GONs and in-situ formed ceramic phases in the matrix strengthened and toughened MgO—-C refractories.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

MgO-C refractories have been extensively used as the
lining of basic oxygen furnaces (BOF), electric arc furnaces
(EAF), ladles and RH vessels in steel-making process because
of their excellent thermal, mechanical and chemical properties
[1-3]. With the progress in clean steel technology and
requirements of low carbon society, the conventional high
carbon refractories (12-18 wt% C) need to be replaced by low
carbon refractories. However, mechanical properties of the
refractories will be adversely affected by the decrease in
carbon content in the matrix, especially with respect to their
thermal shock resistance. So, addition of nano-sized carbon
and optimization of the microstructure have been considered
in an attempt to enhance the performance of the low carbon
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refractories. Tamura et al. proposed the concept of nano-
structured matrix for low carbon MgO—C refractories based
on carbon black [4-6]. For instance, MgO-rimmed MgO-C
refractories with nano-structured matrix containing hybrid
graphitic black with B4C were developed and showed both
excellent thermal shock resistance and oxidation resistance [7].
Also, Nano-tech MgO-C bricks containing 4 wt% or 6 wt%
flaky graphite had been developed with better corrosion
resistance and thermo-mechanical properties compared to
the conventional high carbon refractories (18 wt% C) [8].
Bag et al. reported that MgO-C containing 3 wt% flaky
graphite and 0.9 wt% nano-sized carbon had the best combi-
nation of properties [9]. In addition, an approach of addition
of micro-/nano-powders and formation of in-situ composites
was adopted to improve the performance of MgO-C refrac-
tories [10-15]. Aneziris et al. [10] studied MgO-C composi-
tions with TiO, or TiO,/Al added, and discovered that their
additions led to the formation of TiCN and TiC, respectively,
which improved the oxidation resistance, mechanical strength
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as well as abrasion resistance of the bonding matrix. Ma et al.
[14] also found that the slag penetration and corrosion
resistance of the low-carbon MgO-C refractories can be
remarkably improved by adding the synthesized Al,O5—SiC
composite due to the increase of slag viscosity and the
formation of MgAl,O,.

More recently, as new forms of nano-sized carbon,
graphene or graphite oxide nanosheets (GONs) have been
used to improve the performance of the polymer com-
posites as well as ceramic matrix composites due to their
unique mechanical, thermal and electrochemical proper-
ties [16-21]. For instance, a fracture toughness of 5.21 MPa
m'? has been obtained for the graphene nanosheets/
alumina composites, representing an increase of 53% over
that for the pure alumina material (3.40 MPa m'?) [19].
Furthermore, the multilayer graphene platelets/SizNy
composites have been processed with increased bending
strength and elastic modulus [21]. So, in the present
work, an attempt was made to add GONs into MgO-C
refractories and to investigate its effects on microstructure,
mechanical and thermo-mechanical properties with an aim
to explore the feasibility of using the GONs to enhance the
performance of low carbon MgO—C refractories.

2. Experimental
2.1. Preparation of MgO—-GONs composite powders

The expanded graphite (EG) was prepared by micro-
wave irradiation in short time (20s) using as-received
expandable graphite (50 mesh, 96 wt% fixed carbon, Qing-
dao, China). The different amounts of as-prepared EG and
MgO powders (~45 pm, 98 wt%, Dashiqiao, China) were
mixed and wet-milled at a rotating speed of 400 r/m in
a planetary ball mill using N-methyl pyrrole (NMP) as
disperse media for 7h (corundum balls as the abrasive
media). The mass ratio of corundum balls to the powder
mixtures was 1:1. After ball milling, the composite powder
was dried at 60 °C for 120 h and then ground into fine
powders. The mixing ratios of magnesia powders to EG
were 100:0, 100:2, 100:5, 100:8, and 100:10, which were
designated as GONO, GON2, GONS5, GON§ and GONI10,
respectively.

2.2. Preparation of MgO-C refractory specimens

The raw materials used for preparing MgO-C specimens
were fused magnesia (3—1 mm, 1-0.5 mm, 0.5-0 mm and
<45 pm, 98 wt% MgO, Dashiqiao, China), magnesia-rich
spinel powder (~2pm, 45wt% MgO, 50 wt% Al,Os3,
Zhengzhou, China), silicon powder (<45 pm, 98 wt% Si,
Anyang, China), metallic aluminum (<45 pm, 98 wt%,
Xinxiang, China), flaky graphite ( < 74 pm, 97.5 wt% fixed
carbon, Qingdao, China) and as-prepared MgO—-GONs
composite powders. Thermosetting phenolic resins, one in
liquid form (36 wt% of carbon yield, Zibo, China) and
one in powder form (55 wt% carbon yield, Zibo, China)

were used as binder. The batch containing 80 wt% fused
magnesia, 6 wt% magnesia-rich spinel, 2 wt% Al powder,
1 wt% Si powder, 1wt% flaky graphite and 10 wt%
GONO powders was used as a base composition for the
MgO—C specimen designated as GNO. Different amounts
of as-milled powders, namely, 10.2 wt% GON2, 10.5 wt%
GONS, 10.8 wt% GONS and 11 wt% GONI10, respec-
tively, were added into the base composition by replacing
GONO powders and the corresponding specimens were
designated as GN2, GN5, GN8 and GNI10, respectively.
The amount of flaky graphite added in all the composi-
tions was at such a level that the carbon content in the
specimens was controlled at 1 wt%. Four weight percent
liquid resin and 1 wt% resin powders were added into all
the compositions. The preparation of MgO-C specimens
was carried out by firstly mixing the raw materials for
30 min in a mixer with a rotating speed of 80-100 r/min.
After kneading, bar shaped specimens (140 mm x 25 mm x
25 mm) were uniaxial pressed at 150 MPa and then cured
at 200 °C for 24 h. Finally, the as-prepared specimens were
fired at 1000 °C and 1400 °C in a sagger filled with coke
grit. For all the specimens, the heating rate and holding
time used were 5 °C/min and 3 h, respectively.

2.3. Tests and characterization methods

The bulk density (BD) and apparent porosity (AP) of
the MgO—C refractory specimens obtained were measured
according to Archimedes’ Principle with kerosene as
medium. Mechanical properties including cold modulus
of rupture (CMOR) and flexural modulus (FM) were
measured by the three-point bending test at ambient
temperature with a span of 100 mm and a loading rate
of 0.5 mm/min using an electronic digital control system
(EDC 120, DOLI Company, Germany). The force—
displacement curve of each refractory specimen was
recorded simultaneously during the test. The phase com-
position and microstructures of the specimens were ana-
lyzed by means of X-ray diffraction (XRD, X’Pert Pro,
Philips, Eindhoven, The Netherlands; using Ni filtered,
Cu K, radiation at a scanning speed of 2 °/min and a
temperature of 289 K (16 °C)), field emission scanning
electron microscopy (Nova 400 Nano FESEM, FEI Co.,
Philips, Eindhoven, The Netherlands) and energy disper-
sive X-ray spectroscopy (EDS, EDAX, Phoenix, Philips,
Eindhoven, The Netherlands).

The thermal shock resistance of the specimens fired at
1400 °C was tested according to the following method. The
specimens were heated in a coke bed up to 1100 °C with a
heating rate of 5 °C/min, and soaked at this temperature
for 30 min. Then, the specimens were taken out and
quickly quenched into an oil bath; the purpose of using
oil bath instead of water bath was to prevent oxidation
and hydration of the specimens. This cycle was repeated
5 times. After 5 thermal shock cycles, the deterioration of
the mechanical properties of the specimens was assessed by
the three-point bending test. The residual strength ratio of



T. Zhu et al. | Ceramics International 39 (2013) 3017-3025 3019

CMOR was calculated by the change in CMOR before
and after the thermal shocks, i.e. the residual strength ratio
of CMOR=100-CMORts/CMOR, where CMOR and
CMOR~ts were the CMOR before and after 5 thermal
shock cycles, respectively.

In addition, the thermal expa%gsion was measured via a
thermal dilatometer (Unitherm  model 1161 dilatometer
system, Anter Corp., Pittsburgh, PA) from @10 mm x 50
mm column specimens cured at 200 °C; the measurement
was made in an atmosphere of N; (99.9% N,) to prevent
oxidation of the specimens.

3. Results and discussion

3.1. SEM images of EG and MgO-GONs composite
powders

Fig. 1 depicts the SEM micrographs of as-prepared EG.
It can be seen that EG particles are worm-like and graphite
layers have been opened mostly. Interestingly, the EG
particle has a “bean pod” structure (Fig. 1a) with homo-
genous distances between balloons suggesting uniform
expansion along the c-axis of graphite [22-24]. In addition,
very thin GONSs (in the range of 10-50 nm) were observed
(Fig. 1b), indicating that the EG was an effective and
reliable source for preparing the GONS.

The SEM images of MgO-GONs composite powders
with different amounts of EG added are shown in Fig. 2.
In general, the EGs with larger sizes were broken into
pieces, which were distributed homogeneously in magnesia
powders during ball milling. However, it was apparent that
the GONs in the GON2 and GONS specimens (Fig. 2a and
b) were of much thinner thicknesses and smaller sizes
(10-40 nm in thickness and 1-3 um in size), while the
GONS8 and GONI10 specimens (Fig. 2¢ and d) contained
thicker and larger size of GONs (~100 nm in thickness
and 3-8 um in size) than in the GON2 and GONS speci-
mens, indicating that the EGs were more easily exfoliated
when its content in the composite powders was lower.

3.2. The phase composition and microstructure of MgO—-C
refractory specimens

The XRD patterns were measured for all the coked
specimens to examine the phase evolution in MgO-C
refractory specimens during heating-up. It showed that
no new phases were detected in the specimens coked at
1000 °C; the periclase, spinel, graphite and silicon phases
detected were those present in the original raw materials
(Fig. 3a). At 1400 °C, however, AIN and SiC phases
formed while Si disappeared (Fig. 3b), but Al carbides
such as Al4C; and Al,OC phases couldnot be detected in
the MgO-C specimens owing to their less content [10].
In addition, it was noteworthy that the intensity of
diffraction peak of graphite decreased gradually with the
increasing of GONs addition, revealing that GONs had a
lower degree of crystallinity than the flaky graphite [25,26].

HV 'spot mag dét mode| WD pressure — 100 pm —
20.0kV| 3.5 |500x/ETD| SE |7.7 mm|2.48E-3 Pa WUST

——2pm

WUST

HV sg;ot mag det mode| WD
20.0kV| 35 |30000x|ETD| SE |7.7 mm | 2.32E-3 Pa

pressure

Fig. 1. SEM micrographs of EG: (a) magnification: 500 x and (b)
magnification: 30,000 x .

It is also possible that some of the GONs added had taken
part in the chemical reactions in MgO—C refractories, due
to their higher activity than that of flaky graphite [27,28].

The microstructure of MgO-C refractories has been
examined using a field emission scanning electron micro-
scope (FESEM). In all the specimens coked at 1000 °C, a
few of whiskers and octagonal shaped particles appeared
in the matrix where aluminum powder particles were
originally located. Moreover, these phases were much
more easily found in the matrix of MgO-C refractories
containing GONSs. These whiskers and octagonal particles
were identified as Al carbides and spinel by EDS analysis,
respectively (Fig. 4). The results were in agreement with
those reported by other investigators [1,10]. However, as
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Fig. 2. SEM images of MgO-GONs composite powders: (a) GON2, (b) GONS, (c) GON8 and (d) GON10.

stated previously, these in-situ formed ceramic phases were
not detected by XRD in the present study because the
amount of the carbide phase formed was too low and the
magnesium aluminate spinel was already present in the raw
materials, whose diffraction peak overlapped with those of
the in situ formed spinel phase.

With increase in temperature, large numbers of plate-
like particles appeared in the matrix of MgO-C specimens
coked at 1400 °C, which was in contrast to the whisker-like
substances observed in the specimens coked at 1000 °C.
With a combination of XRD and EDS analysis, these
plate-like particles had been identified to be the AIN phase
[29,30]. For the specimen GNO, the AIN phase interlocked
with each other and was distributed only at the site where
Al metal was originally present (Fig. 5a). However, for the
specimens GN5 and GNI10, in addition to the same
microstructure features as those observed in the specimen
GNO, some of AIN particles formed bonded to each other
and were present in the pores and the matrix (Fig. 5c and
e). Furthermore, thin GONs were observed in the speci-
men GNI10 (Fig. 5e). Unfortunately, the SiC phase could
not be easily differentiated from other in-situ formed

ceramic phases in the specimens coked at this temperature,
although it was detected by XRD.

Thermochemical calculations were also made using
FactSage software to predict the phase evolution of
MgO-C refractories during heating-up. The spinel pow-
ders added in the specimens were not considered in the
calculations in order to clearly distinguish the evolution
sequence of the reaction products of Al and Si in MgO-C
specimens. The calculations were made for an atmosphere
of 3.5x10*Pa CO and 6.5x 10*Pa N, [1,31], and the
parameter Alpha was set as the weight ratio of atmosphere
gas to specimen. At 1000 °C (Fig. 6), both Al and Si are
unstable phases. When Alpha is close to zero, the amounts
of Al4C; and SiC are high and MgAl,O4 and AIN contents
close to zero. As Alpha increases, Al4;C; decreases whereas
MgAl,O4 and AIN increase, and the amount of carbon (C)
also increases slightly. The Al4C; content abruptly drops
to zero when Alpha increases to ~0.12. The amounts of
MgAl1,04 and SiC decrease as Alpha increases, and then
disappear at an Alpha value of ~0.15 and 0.215, respec-
tively. Thereafter, with further increase in Alpha, Mg,SiO4
increases abruptly while SisNy increases firstly and then
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Fig. 3. XRD patterns of MgO—-C refractory specimens fired at 1000 °C (a)
and 1400 °C (b).

drops to zero when Alpha is at ~0.565. As increase in
Alpha continues, Mg,SiO4 remains constant and MgAl,O4
increases continuously while AIN reduces. The partial
pressures of N,, CO and Mg (g) in the system, especially
the partial pressure of Mg (g) are all at low values.
Predicted phase changes at 1400 °C (Fig. 7) are similar to
those at 1000 °C, except that the partial pressures of Mg
(g) and CO are higher than at 1000 °C.

The predicted phases were consistent with the results of
this study, although Siz;N4 and Mg,SiO,4 were not detected,
which might be attributed either to the low amounts
formed or to the restrictions of the kinetic factors [1,31].
In the meanwhile, it can be seen that the phase changes
were related to the partial pressures of CO and N,. For all
the specimens fired at 1400 °C (Fig. 5), the AIN phase was
observed in the microstructure, whereas the specimens
containing the GONs showed more AIN phase distributed
uniformly in the matrix. It was suggested that the GONs
with higher activity might decrease the partial pressure of

Al carbides |
S\

Fig. 4. SEM micrographs of MgO-C refractory specimens fired at
1000°C: (a) GNO, (b) GN5 and (c) GN10.

oxygen [27,28], leading to the increase in partial pressure of
N, gas, which accelerated the diffusion of N, gas into the
specimens and hence resulted in the formation of more
AIN phase in the matrix.

3.3. The mechanical properties of MgO-C refractory
specimens

Mechanical properties including CMOR and FM of
MgO-C refractory specimens measured using the three-point
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Fig. 6. Phase changes of MgO-C specimens fired at 1000 °C.

bending method are presented in Table 1. CMOR and FM
of the specimens treated at 200 °C were the highest among
the specimens treated at different temperatures, CMOR
and FM of all the specimens containing GONs were lower
than those for the specimen containing no GONs at this
temperature, which was related to less compaction for
specimens containing GONSs (Table 2). However, CMOR
and FM of all the specimens fired at 1000 °C decreased
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Fig. 7. Phase changes of MgO-C specimens fired at 1400 °C.

simultaneously because of the pyrolysis of the resins.
As the coking temperature increased from 1000 °C to 1400 °C,
CMOR of the specimens containing GONSs increased
and became higher than that of the specimen without
GON:s. Interestingly, the specimens GN2 and GN5 had
higher CMOR and lower FM than the specimen GNO.
For example, CMOR was 11.76 MPa for the specimen
GNS5 and 9.76 MPa for the specimen GNO while FM was
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Table 1
CMOR and FM of MgO-C refractory specimens treated at various temperatures.
Temperature Index GNO GN2 GN5S GN8 GN10
200 °C CMOR (MPa) 42.15 31.08 36.05 29.65 26.87
FM (GPa) 7.27 6.60 7.03 6.33 5.75
1000 °C CMOR (MPa) 10.69 9.69 10.60 8.57 7.75
FM (GPa) 2.77 2.20 2.70 1.90 1.87
1400 °C CMOR (MPa) 9.76 11.36 11.76 11.93 11.26
FM (GPa) 2.72 2.70 2.64 2.82 2.81
Table 2
AP and BD of MgO-C refractory specimens treated at various temperatures.
Temperature Index GNO GN2 GNS5 GNS8 GNI10
. AP (%) 5.33 6.31 6.06 7.54 7.68
200°€C BD (gem?) 3.04 3.03 3.03 3.01 3.01
N AP (%) 11.63 11.97 12.99 13.13 12.81
1000°C BD (gcm ) 3.00 2.99 2.96 2,95 2.96
. AP (%) 11.91 11.50 11.80 12.57 12.16
1400°C BD (gem?) 2.99 3.00 3.00 2.97 2.97

2.64 GPa and 2.72 GPa for the specimens GN5 and GNO,
respectively.

The force—displacement curves of MgO-C refractory
specimens were influenced by heat-treated temperature and
amounts of GONs added (Fig. 8). Among all the speci-
mens, the specimens treated at 200 °C had the highest
strength and displacement, which, however, decreased with
the addition of GONs. With respect to the specimens
coked at 1000 °C and 1400 °C, the specimens with 0.5 wt%
GON s had the highest displacements and higher strengths.
The improved mechanical properties may be attributed to
the strengthening and toughening actions of the incorpo-
rated GONs on the one hand, the mechanisms of which
included crack deflection, bridging, and pulling-out due to
their homogeneous distribution in the material [19]. On the
other hand, the ceramic phases such as AIN, Al,C; and
SiC, etc. interlocked with each other in the matrix, which
provided much better mechanical properties for the speci-
mens with the GONs added [1,10,32].

3.4. The thermal shock resistance of MgO-C refractory
specimens

When the thermo-mechanical behavior of the coked
specimens is concerned, which is normally characterized
by the residual CMOR after 5 thermal shock cycles,
all the compositions containing GONs exhibited higher
residual strength compared to the composition without
GONs (Fig. 9) although the thermal expansion of all the

compositions was almost the same (Fig. 10). The specimen
GNS5 with 0.5 wt% GONs added had the highest residual
strength ratio of 45.37%, but 37% for the specimen GNO,
indicating that the addition of GONs was favorable to
improve the thermal shock resistance of MgO-C refrac-
tories. It may be suggested that the homogeneous distri-
bution of GONs and in-situ formation of much more
ceramic phases in the matrix strengthened and toughened
the MgO—C refractories. In fact, like EG, GONSs have less
oxidation resistance than that of natural flaky graphite due
to their higher activity. So, the addition of GONs may
have a negative influence on the oxidation resistance of
MgO-C refractories depending on the amounts of GONs
added, which will be considered in our later study.

4. Conclusions

MgO-GONs composite powders have been prepared
and the microstructure and mechanical properties of
MgO—C refractories made from the MgO—-GONs compo-
site powders have been investigated with following con-
clusions. Firstly, GONs of different sizes and thicknesses
could be produced in magnesia powders by common wet-
milling the EG and magnesia powder mixtures. Secondly,
the addition of GONSs had a positive influence on the mech-
anical properties of MgO—C refractories. Firing at 1400 °C
resulted in much higher cold modulus of rupture and
increased displacement for MgO—C specimens with GONs
added in comparison with those that contained no GON:Ss.
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Fig. 8. Force—displacement curves of MgO-C refractory specimens
treated at 200 °C (a), 1000 °C (b) and 1400 °C (c).

The thermal shock resistance of MgO—C refractories was
improved with the addition of GONSs, indicating that the
GONs and in-situ formed ceramic phases in the matrix
strengthened and toughened MgO-C refractories.
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